Quantum interference can profoundly affect charge transport in single molecules, but experiments can usually measure only the conductance at the Fermi energy. Because, in general, the most pronounced features of the quantum interference are not located at the Fermi energy, it is highly desirable to probe charge transport in a broader energy range. Here, by means of electrochemical gating, we measure the conductance and map the transmission functions of single molecules at and around the Fermi energy, and study signatures associated with constructive and destructive interference. With electrochemical gate control, we tune the quantum interference between the highest occupied molecular orbital and lowest unoccupied molecular orbital, and directly observe anti-resonance, a distinct feature of destructive interference. By tuning the molecule in and out of anti-resonance, we achieve continuous control of the conductance over two orders of magnitude, demonstrating a different gating mechanism to conventional field-effect transistors.
A s devices decrease to the scale of the electronic phase coherence length, the wave nature of electrons becomes evident 1, 2 . Studying single electron interference provides key insights into quantum transport in molecules, and manipulating single molecule conductance at the level of the wavefunction promises device functions 3, 4 that are distinctly different from conventional electronics. The interference between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) is often the most dominant effect on the conductance of a single molecule 5, 6 . Based on this, orbital rules have been proposed theoretically [7] [8] [9] and examined experimentally 10-14 , showing constructive interference in linear conjugated (or para oriented) structures and destructive interference in cross-conjugated (or meta oriented) structures. However, these studies have focused on demonstrating quantum interference by designing molecules with different structures or modifying the structures via chemical reactions 3, 12, [15] [16] [17] . Here we show that the charge transport determined by the quantum interference in a single molecule can be tuned continuously with an external electrochemical gate without changing the molecular structures (Fig. 1a ). This allows us to achieve gate control of single molecule conductance based on quantum interference, rather than carrier densities as in conventional field-effect transistors, to measure the transmission function of the molecule and to study directly the most pronounced quantum interference features, including the destructive interference characteristic antiresonance, in the transmission function.
We studied a meta-oriented diphenyl benzene structure (denoted Meta), where substituents occupy positions 1 and 3, and a para-oriented diphenyl benzene structure (denoted Para), where substituents occupy opposite sites (Fig. 1b) . These molecules were connected to the two electrodes and studied using a scanning tunnelling microscope (STM) break junction technique 18 (Fig. 1a) . We tuned the quantum interference in the molecules with an electrochemical gate voltage, determined the conductance versus gate voltage (transmission functions) and current-voltage characteristic curves, performed theoretical calculations of the transmission functions, and compared the results with the experiments.
The conductance (G) of a single molecule junction at small bias voltages is given by the Landauer formula: (2)) and the interference is determined by the inter-orbit coupling induced by the electrodes 11 . By considering the phases of the frontier orbitals at the anchoring atoms shown in Fig. 1c , we conclude that the signs of the numerators in equation (2) to be opposite for Para and the same for Meta. The signs of the denominator on the other hand are always opposite given that the Fermi energy lies within the HOMO-LUMO gap 11 . Hence, the HOMO and LUMO contributions to the conductance add up for Para, resulting in constructive interference, and cancel out for Meta, leading to destructive interference. When a gate voltage V g is applied to the molecule, the Fermi levels of the STM tip and the substrate shift relative to the molecule's HOMO and LUMO levels ( Fig. 1d ). This shift in the energy level alignment influences the contribution from the inter-orbital coupling term between the HOMO and LUMO 11 , and thus the quantum interference in the molecules. In this way, the energy dependence of the transmission functions can be probed by continuously tuning the gate voltage 19 . For Meta, an anti-resonance in the transmission function located inside the HOMO-LUMO gap is predicted. As a result, the transmission function of Meta displays a strong energy dependence. In contrast, for Para, no anti-resonance is expected, and the transmission function is thus less energy dependent. The intuitive model qualitatively agrees with more sophisticated theories 11, 20, 21 , and also with detailed first-principle calculations, as presented in the calculation part.
We note that electrochemical gating has been applied previously to study charge transport in molecules 3, 12, 15 . In these previous works, however, chemical reactions took place, which changed the molecular structures and accordingly the molecules' HOMO and LUMO energies and wavefunctions. In contrast, the electrochemical gate in the present work changed only the contribution from the HOMO and LUMO inter-orbital coupling term (which determines the quantum interference) 11, 22, 23 , while the structures and the HOMO and LUMO of the molecules remained unchanged. This allowed us to continuously tune the quantum interference in the single molecules studied here. Both isomers (Para and Meta) are terminated with two iodine atoms. Previous works indicated that the iodine terminals could bind with the gold electrodes [24] [25] [26] and form molecular junctions (electrode-molecule-electrode) 11, 27 . Our X-ray photoelectron spectroscopy, electrochemical and UV-vis data in the present study ( Supplementary Fig. 1 ) also show that the molecules bind with gold surfaces via iodine terminals in a loosely packed form. We performed STM break junction measurements 18,28 using a gold tip and substrate electrodes to investigate the conductance of single Para and Meta molecules in mesitylene (for details see Methods). The experiments generated thousands of conductance versus distance traces, some showing plateaux associated with the formation of single molecule junctions, followed by abrupt drops corresponding to the breakdown of the junctions. As plotted in Fig. 2a ,b, the plateaux measured for Para are located at higher conductance values than those for Meta. For statistical analysis of the conductance, we constructed conductance histograms from about 700 such individual traces for the two molecules ( Fig. 2c,d ). The conductance histograms exhibit broad peaks, where the peak positions represent the average conductance values of single molecules-(2.8 ± 0.2) × 10 −4 G 0 for Para and (8.
Because both Para and Meta consist of three phenyl rings connected by C-C bonds, and terminated with iodine, the observed large conductance for Para and small conductance for Meta reflect constructive and destructive interference in the two molecules. As a control, we performed the same measurement in pure mesitylene in the absence of Para or Meta. In the control experiment, the conductance traces did not show obvious plateaux, and the conductance histogram shows no obvious peaks ( Supplementary Fig. 2 ), confirming that the conductance peaks in Fig. 2c,d are from Para and Meta.
To further investigate the quantum interference effect on charge transport through the molecules, we determined the I-V characteristics of the two molecules. This was achieved by first bridging a molecule between the STM tip and the substrate electrodes, and then scanning the bias voltage between -2 V and 2 V over 0.1 s while recording the current through the molecule (see Methods) 29 . By repeating the procedure, we recorded over 10,000 such I-V curves and constructed a two-dimensional (2D) I-V histogram for each molecule from the intact I-V curves (see Supplementary Fig. 3 regarding the stability of the junctions at high bias voltages). The I-V curves show that the current increases linearly with the bias within a small bias voltage range and increases rapidly at high bias voltages for both Para and Meta (Fig. 3a,b ). An important observation is that the linear range for Para is larger than that for Meta. This difference is more clearly observed in the 2D histograms of conductance versus bias voltage ( Fig. 3c,d) , which were obtained from the derivatives of the individual I-V curves. For Para, the 2D conductance histogram (Fig. 3c ) shows a relatively shallow dependence of the conductance on the bias voltage. In contrast, the 2D conductance histogram of the Meta molecule exhibits a much steeper dependence (Fig. 3d ). This observation reflects a key difference in the transmission functions of the Para and Meta molecules 30 . The average differential conductance within the linear range of the I-V curves agrees with the conductance measured at fixed low bias voltages ( Supplementary Fig. 4 ). Nonlinearity occurs at high bias voltages, as discussed in Supplementary Fig. 5 . Previous studies 14 have observed a V-shaped conductance versus bias curve for destructive interference, where the electrodes' Fermi level is close to anti-resonance. In this study, the I-V characteristics for Meta has a larger curvature near zero bias than that for Para but is not a pronounced V shape. This is due to the fact that the anti-resonance in the present system is far away from the electrode Fermi level (for more details see the calculation part). Tuning the Fermi level to anti-resonance is thus important for the clear observation of quantum interference.
To determine the transmission functions and examine the quantum interference versus energy, we shifted the energy alignment between the molecular orbital levels and the electrode Fermi level 31 with an electrochemical gate ( Fig. 1a and Fig. 1d , top) (for experimental details see Methods). This changed the relative contributions of the HOMO and LUMO as described by the two terms in equation (2) and allowed us to obtain the transmission functions of the molecules (Fig. 1d, bottom) . To apply an electrochemical gate voltage (V g ) to the molecules, we performed the measurement on Para/Meta adsorbed on the electrodes in 50 mM KClO 4 aqueous solution (the electrolyte is needed for electrochemical gating). The first step was to identify the formation of a single molecule junction from the conductance plateau, and then sweep the gate voltage from 0 to 0.3 V and from 0 to −0.5 V while recording the conductance of the molecule.
The Para conductance increases slowly from 2 × 10 -4 G 0 to 4 × 10 -4 G 0 with V g from −0.5 V to 0.3 V (Fig. 4a ). The conductance range is consistent with that measured in mesitylene. The weak gate dependence indicates a relatively flat transmission function for Para within the energy range. In contrast, Meta exhibits a much stronger gate effect as the conductance increases from ~6 × 10 −6 G 0 at V g = −0.5 V to ~5 × 10 −4 G 0 at V g = 0.3 V (Fig. 4b) . The strong gate effect reflects a sharp feature in the transmission function of Meta. The noise in the conductance during potential sweeps for both Para and Meta is due to thermal instability and mechanical drift during the sweep time of hundreds of milliseconds. Despite the noise, the observed overall difference between Meta and Para is consistent with the I-V characteristics of the two molecules. This experiment demonstrates that the quantum interference can be tuned by changing the relative coupling between the HOMO and LUMO with an external electrochemical gate. Applying an electrochemical gate voltage to a molecule is known to lead to oxidation or reduction of the molecules 3, 12, 15, 31, 32 . To show that the electrochemical gate control of quantum interference in the present system did not involve the redox reactions, we carried out cyclic voltammetry (CV) of both Para and Meta adsorbed on gold electrodes and did not observe the characteristic oxidation and reduction peaks associated with redox reactions ( Supplementary Fig. 1f,g) . The single molecule conductance versus gate voltage measurements described so far required a stable molecular junction. We found that the molecular junctions became increasingly unstable at large gate voltages (negative or positive), which limited the range of the applied gate voltage. To statistically determine the conductance and transmission functions over a broader energy range, we performed small bias (0.1 V) conductance measurements quickly and repeatedly in the same manner as described in Fig. 2 and the Methods to obtain a large number of transient conductance curves at each fixed gate voltage and constructed conductance histograms at different gate voltages for both Para and Meta 33 . From the peaks in these conductance histograms we obtained the average conductance values of single molecules versus gate voltage. Because each measurement was transient, we were able to determine the conductance at gate voltage from 0.29 V to −0.95 V using this approach. For Para, the conductance histogram peak position varies mildly within a two-to three-fold change from 1.4 × 10 −4 G 0 to 3.9 × 10 −4 G 0 ( Fig. 5a ; complete 1D profiles, individual conductance decay curves and 2D conductance histograms are provided in Supplementary  Figs. 6, 7 and 8 ). However, for Meta, when the gate voltage decreases from 0.295 V to −0.55 V, the conductance first decreases sharply from 4.7 × 10 −4 G 0 to 2.5 × 10 −6 G 0 , and becomes too low to measure between −0.65 V and −0.85 V ( Supplementary Fig. 9 ), then increases to the measurable range again from 6.8 × 10 -8 G 0 to 1.4 × 10 -6 G 0 at −0.9 V to −0.95 V (Fig. 5b ; complete 1D profiles, individual conductance decay curves and 2D conductance histograms are presented in Supplementary Figs. 6, 7 and 10 ). Below −1 V, the junction formation yield is low due to instability of the junction ( Supplementary  Fig. 11 ). The large gate-induced conductance change (~200 times) and the clear conductance minimum near −0.75 V observed for Meta are distinctly different from the behaviours of Para. It is worth noting that the coupling between the molecules and the electrodes could change with the gate voltage, leading to a conductance change in Meta. However, the lack of gate dependence in the Para conductance shows that the change in the coupling is negligible.
Mechanical drift in a break junction could induce quantum interference 34, 35 . To examine such mechanical effects, we determined the plateau slopes in conductance-distance traces at various gate voltages for both Meta and Para ( Supplementary Fig. 12 ). The slope quantifies how the conductance changes on mechanical stretching, from which we observed little conductance change. Furthermore, the slope has the same sign on both sides of the conductance minimum, indicating that mechanical stretching is not a dominant factor in the observed large (~200 times) gate dependence of the conductance. Figure 5c summarizes the measured conductance versus gate voltage for Para and Meta, from which we draw several important conclusions. First, the conductance increases with gate voltage from −0.55 V to 0.25 V for both Para and Meta, suggesting that the Fermi level is located closer to the HOMO level than to the LUMO level in the absence of gate voltage. This observation is supported by the theoretical prediction of energy alignment for phenyl substituted benzene compounds 11 , and the energy alignment information allows us to compare the experimental data with the calculations. Note that a positive electrochemical gate potential shifts the molecular level up with respect to the Fermi level, which is opposite the behaviour in a traditional solid-state gate. Second, Meta exhibits a much stronger gate effect than Para, revealing a pronounced difference in the transmission function between destructive and constructive interference. The gating efficiency is described by subthreshold swing, which is the amount of gate voltage change needed to change the conductance by tenfold. In conventional semiconductor field-effect transistors, gating originates from the control of carrier density in the conduction channel and its efficiency is subject to the laws of thermodynamics. In the present case, the gating principle is quantum interference, which is different to the conventional semiconductor devices [36] [37] [38] . Third, the sharp drop in the conductance of Meta as the gate voltage decreases to −0.55 V and the increase at more negative potentials after the conductance minimum, provide a direct observation of the signature anti-resonance in the transmission function. Finally, the conductance versus energy curves of Para and Meta can be fitted by the transmission functions determined with the simple model of equation (2) (dashed curves in Fig. 5c ). We note that although electrochemical gating was used here to demonstrate the principle, other gating methods, such as electrostatic gating, could also be used to tune the quantum interference. To further validate the experimental data, we performed first-principles calculations of the Para and Meta molecules by combining the electronic structure derived from density functional theory (DFT) with non-equilibrium Green's functions (see Supplementary Methods and Supplementary Fig. 13) including an approximate self-energy correction for weakly coupled molecules (see Supplementary Methods and Supplementary Fig. 14) to account for over-estimation of the electronic conductance 39, 40 . We show two typical molecule-electrode contact geometries for Para and Meta in Fig. 6a , where OS represents the geometry with the dihedral angle between the two Au-I bonds at 0°, and SS represents the geometry with that dihedral angle at 180°. The corresponding transmission functions of the two molecules with OS and SS geometries are given in Fig. 6b . The calculated HOMO-LUMO gaps are compared with UV-vis spectra in Supplementary Fig. 15 . Because of the high efficiency of the electrochemical gating, we assume that the shift in transmission curves is roughly the same amplitude as the applied gate voltage 15, 19, 41 . In the absence of the gate voltage, the electrode Fermi energy was estimated from the DFT calculations using a slab model with bulk corrections 42 , which was found to be −5.32 eV for a gold(111) surface. This value compares well with the experimentally determined workfunction of ~5.3 eV for the Au(111) surface 43, 44 . At the Fermi energy, Para displays a more than one order of magnitude larger conductance (
), which agrees with the measured conductance for Para, but underestimates the one for Meta, although still within a reasonable range. The transmission functions of Para show a relatively small energy dependence within −1 and +1 V around E F for both OS and SS contact geometries. In contrast, the transmission functions of Meta show a much deeper energy dependence due to anti-resonance, which agrees with the experimental data. The transmission function of Meta is more sensitive to the contact geometry. For OS, the transmission spectrum is approximately symmetric with respect to the HOMO and LUMO resonance, and the anti-resonance is located in the centre of the HOMO-LUMO gap. However, the transmission spectrum for SS is asymmetric, with the anti-resonance shifted towards the HOMO. The exact contact geometries of the molecules remain unknown, but the first-principles calculations provide a good prediction of the basic anti-resonance feature regardless of the detailed geometry.
We have archived continuous control of quantum interference in single molecules with an external gate and studied its effect on the charge transport through the molecules. The gate voltage tunes the relative coupling strength between the HOMO and LUMO and leads to different gate dependences of the conductance for molecules with constructive and destructive interferences. By measuring the conductance versus gate voltage, we have determined the transmission functions of the molecules, providing direct observation of an anti-resonance in the transmission spectra, a key signature of quantum interference, and allowing a detailed comparison with theoretical calculations, including the shape and energy dependence of the transmission function. By controlling the quantum interference, we have further shown that conductance of a single molecule can be tuned over two orders of magnitude. Conventional semiconductor devices rely on gate control of carrier densities. Our work shows that gate control of quantum interference leads to a large change in single-molecule conductance, which suggests a different gating principle to the conventional field-effect transistors.
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